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DETERMINATION OF ORGANOPHOSPHORUS COMPOUNDS BY HPLC
WITH POST-COLUMN PHOTOCHEMICAL DEGRADATION FOLLOWED
BY THE FORMATION OF REDUCED HEIEROPOLYMOLYBDATE

Stephen R. Priebe, Ph.D.
Western Michigan University, 1982

A novel method for the determination of organophosphorus (OP)
compounds by HPLC with post-column photochemical and chemical derivatization reactions has been developed.

The OP compounds eluted from

the column were photochemically degraded to orthophosphate by the use
of a 450 W xenon lamp in conjunction with an auxiliary photodegrada
tion reagent.

The photodegradation reaction was studied extensively

by means of batch irradiations with triethylphosphate as a model
compound.

The effects of the initial concentrations of triethyl

phosphate and ammonium peroxydisulfate, and of varying the pH of the
reaction medium were determined.
was performed.

A survey of potential interferences

Copper(II) ion was found to catalyze the photodegra

dation, and the effect of varying the Cu(II) ion concentration and the
pH dependence of the catalyzed reaction were investigated.

Inter

ference from organic solvents was found to be a serious limitation on
the applicability of the photodegradation reaction.

The orthophos

phate resulting from the photodegradation of the eluted OP compounds
was converted to reduced heteropolymolybdate and the absorbance
monitored at 885 nm.

The post-column detection system was extensively

studied and optimized in terms of band-broadening, reaction rates, and
overall performance.

The interrelationships between the mobile phase

and the detection system were examined during the development of
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chromatographic separations.

Ion-exchange, ion-pair reversed phase,

and cyano-phase modes of chromatography were explored.

The method

was applied to the determination of OP pesticide metabolites in human
urine using ion-pair reversed phase chromatography.

A rapid iron(lll)

pretreatment procedure was developed for the removal of interfering
amoimts of orthophosphate.

Detection limits of 0.3 ppm for dimethyl-

phosphate and 0.8 ppm for diethylphosphate were achieved.

Several OP

pesticides were determined in tomatoes by the use of the cyano-phase
column.

A simple pretreatment procedure en^loying a CIS Sep-Pak

cartridge was developed.

The recovery of dimethoate was 69% and its

limit of detection was 0.09 ppm.

The determination of dylox and

dichlorvos was also shown to be feasible.

The phosphorus-selective

detection system developed in this study has strong potential for
applicability to the determination of a variety of OP compounds.
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INTRODUCTION

Occurrence and Uses of Organophosphorus Compounds

There has been enormous growth in the uses that organophosphorus
(OP) compounds have found in agriciiLture and industry during the last
twenty years or so.

The synthesis and evaluation of new OP compounds

is an active area of research» as is evidenced by the fact that
scarcely a recent issue of Chemical Abstracts fails to report patents
issued in this area.

The class of compounds known as OP compounds

encompasses a very broad range of chemical substances such as phosphines» phosphorus heterocycles, etc.

This research project focuses

on the determination of organophosphates, -phosphorodithioates, and
-phosphonates.
The types of OP compounds studied in this work are used com
mercially as pesticides, flame retardants, lubricant additives, sur
factants, and polymer additives.

Of course, organophosphates occur

naturally in living organisms where they perform vital roles in
biochemical processes (e.g., ATP and glucose-6-phosphate).
The OP pesticides were the compounds of primary concern in this
research project.

OP pesticides are currently very widely used,

having displaced the organochlorine pesticides because of their lower
persistence on foodstuffs and in the environment.

Structurally, most

OP pesticides are phosphate or phosphorodithioate triesters.

Two of

the organophosphate ester substituents are normally methyl- or ethylgroups, while the third substituent is a more complex fragment which
may contain ester, amide, halogen- or sulfur-containing, unsaturated,

1

R eproduced w ith perm ission o f the copyright owner. F urth er reproduction prohibited w itho ut perm ission.

and/or aromatic moieties.

These compounds generally undergo degra

dation via loss of the larger substituent as a result of hydrolysis
or photolysis ~ . The resulting dialkylphosphates (or phosphorodi-

3
thioates) are resistant to further degradation .
OP pesticides are potent insecticides because of their action on
the central nervous system.

The OP compound binds strongly to

acetylcholinesterase, which prevents this enzyme from performing its
4
function in nervous signal transmission . In spite of the fact that
most OP pesticides are much less toxic to mammals than they are to
the pests they are designed to control, they can present a hazard
to farm workers and, less frequently, to consumers^.

General Analysis Requirements

The widespread use of OP pesticides has spurred the development
of analytical methods to identify and quantitatively determine these
substances.

The general objectives that are important in all analy

tical methods (selectivity, sensitivity, accuracy, precision, speed,
and cost)

are inqjortant in these applications as well.

However, the

nature of the sample dictates which of these qualities are of primary
concern.

For example, in the analysis of pesticide formulations, the

sensitivity is a trivial concern since the analytes are present in
the percent concentration range and accuracy, precision, speed, and
cost are more relevant considerations.

In contrast, in pesticide

residue analyses, sensitivity is of paramount importance since the
analytes are present at ppm or lower levels.

The same holds true for

the determination of pesticide metabolites and degradation products.
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In this research project, which deals mainly with residues and
metabolites, the goal was to develop techniques and methodologies
which are generally satisfactory in terms of all of the important
features of an analytical method and to achieve sufficient flexi
bility that the methods can be adapted to suit the needs of a given
situation.
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SURVEY OF ANALYTICAL METHODS

Spectroscopic Methods

UV-Visible Spectrophot ometry

The use of UV-visible spectroscopy as a primary method of deter
mination in OP pesticide residue work has declined to an insignifi
cant level in recent years^.

These methods are based upon the

measurement of the absorbance of the intact pesticide or a derivative
thereof.

For example. Turner^ has described a procedure using

-•

4-(4-nitro-benzyl)-pyridine as a spectrophotometric reagent for most
OP pesticides, which is sensitive to low microgram amounts.

The

direct utility of UV-visible spectroscopic methods in pesticide resi
due analysis is limited because of their relatively low sensitivity

-

and selectivity, but, they can be useful in conjunction with other
techniques.

Infrared Spectroscopy

Although recent advances have been made in infrared instrumen
tation and techniques that have resulted in better sensitivity than
was possible in the past, the general utility of infrared spectroscopy
in pesticide residue work is limited.

In situations where microgram

or greater amounts of pesticide can be isolated from the sample matrix,
infrared spectroscopy can be useful for confirming the identity of a
8
9
pesticide residue . Gore et al. have compiled the infrared (and UV)
spectra of 76 pesticides for this purpose.

The use of infrared

4
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spectrometry as a selective detector in chromatographic methods
appears to have good potential for future applications in the pesticide area

10.

ChAmi1 uminescence Spectroscopy

A highly sensitive method for the determination of some alkylphosphates based upon chemiluminescence has been developed by
Fritsche^^.

The allqrlphosphate is reacted with sodium perborate or

hydrogen peroxide to produce a peroxophosphate, which then oxidizes
an amine such as luminol in alkaline medium to produce luminescence.
This method can also be employed for spectrophotometric or fluorometric measurement when the appropriate amine is substituted for the
luminol.

This method has only been applied to phosphorus-containing

nerve gases thus far, but applications to OP pesticides appear to be
••U1 12 .
possible

Electrochemical Methods

The polarographic determination of OP pesticides in foodstuffs
has been reviewed

13

. Electroanalytical techniques are applicable to

those OP pesticides which possess nitro- (e.g., parathion, fenitrothion) or other electrochemically-active substituents.

It appears

that sulfur-containing OP pesticides may be determinable after a
hydrolysis step at a mercury electrode in an anodic mode

14

. However,

a chromatographic separation step would be desirable to reduce inter
ferences from the sample matrix.

A piezoelectric crystal detector
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which is sensitive to OP pesticides has been reported

15

. This detec

tor, although useful for gas-phase determinations, requires further
development before it can be more widely applied.

Enzymatic Methods

The inhibition of acetylcholinesterase activity can be useful
for the sensitive detection of OP pesticides^^, especially when used
in conjunction with chromatographic separations

17 18
* , by using a

substrate with favorable spectrophotometric or fluorometric measure
ment properties.

However, when used by itself, this technique is

non-selective in that no information as to the identity of the inhi
bitor is provided, and thus its use is possible only under very care
fully controlled conditions.

The high cost and the difficulty in

maintaining consistent activities or the enzyme preparation are impor
tant limitations to be considered.

The determination of blood acetyl

cholinesterase activity in farm workers is a good indicator of OP
pesticide exposure^, but, again, the identity of the pesticide must
be determined by other means.

Chromatographic Methods

Thin Layer Chromatography

Considerable advances in the separating power of thin layer
chromatography (TLC) have been made in recent years through improve
ments in sample application and plate technology.

After separation,

the plates are normally dried and scanned with a densitometer or
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fluorometer to quantitate the components. In many cases, including
the trace-level determination of OP con5)ounds, treatment of the plate
with a development reagent is necessary to obtain adequate sensiti
vity and selectivity.

Because the utility of TLC in OP pesticide

residue analysis depends to a large extent upon the detection scheme,
considerable effort has been made to devise sensitive and selective
spray reagents for OP pesticides^^

For example, 4-(4-nitro-

benzyl)-pyridine reacts with most OP compounds and results in a blue
spot which can be quantitated to low microgram amounts

22

. The forma

tion of heteropolymolybdenum blue can be ezgaloyed as a TLC detection
technique after in-situ mineralization of the OP compound on the
plate^^*^^.

The detection limits are greater than 0.1 microgram

using this technique^^.

Inhibition of acetylcholinesterase provides

a more sensitive detection scheme

25

. While TLC is used to a limited

extent as a primary method for pesticide residue analysis

26

, it is

27
7
especially valuable for screening
and confirmation of identity .

Gas Chromatography

Gas chromatography (GC) has become the method of choice for
pesticide residue analysis because of the excellent sensitivity and
selectivity afforded by the specialized detectors which are available

28 29

. The detectors which are most useful in the determination

of OP pesticides are the flame photometric detector (FPD)
thermionic detector (TIB)

31

30

and the

. The FPD operates by combusting the OP

compound in a hydrogen-rich medium, which results in the formation of
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electronically-excited. HPO.

The luminescence is monitored at 526 nm.

The FPD is very reliable and achieves detection limits on the order
of 100 pg or less for most OP compounds

28

. The TID (also known as

the alkali flame ionization detector) is sensitive to both nitrogen
and phosphorus.

The mechanism of its operation is not known with

certainty» although it is believed to be due to the enhancement of
the ionization of the alkali halide salt which is placed in the flame
plasma

32

. The TID is about ten-fold more sensitive than the FPD, but

is less reliable

29

. Both detectors exhibit phosphorus/carbon selec-

tivities on the order of 10,000

28

.

These highly selective and sensitive detectors have enabled the
development of GC methods for the residue-level determination of OP
pesticides which have excellent signal-to-noise ratios at legally
important levels.

A typical example of the application of GC/TID to

the determination of OP pesticide residues in fruit and vegetables
is taken from the work of Ferreira and Fernandes

33

. Their clean-up

procedure consisted of homogenization, two extractions, evaporation,
and column adsorption prior to GC/TID analysis.
less than 0.1 ppm.

Detection limits were

The selectivity of the TID (and FPD) permits the

use of,a less rigorous sample clean-up procedure than is the case for
other highly sensitive detectors such as the electron capture detec-

torZS.
The combination of GC with mass spectrometry (GC/MS) has had an
impact on OP pesticide residue analysis^^

The technique of selec

ted ion monitoring yields a mass chromatogram which is highly indic
ative of the compound being sought and has detection limits in the
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low pg range.

At some sacrifice in detection limit» the column

effluent can be subjected to repetitive mass scans and identified
by computerized searching of a reference collection of mass spectra.
These assets have resulted in the application of GC/MS techniques to
the more difficult, non-routine samples.

The reliability of GC/MS

instrumentation has been steadily improving, however, the cost is
likely to remain high.

High Performance Liquid Chromatography

The role of high performance liquid chromatography (HPLC) in
pesticide residue analysis has been assessed by several authors
and its potential is beginning to be more fully explored.

37-40

It is

generally accepted that HPLC detectors must be improved for appli
cations to pesticide residues to be fruitful.

Since the first repor-

41
ted use of HPLC in an OP pesticide residue determination in 1971 ,
a number of publications have appeared in this area and will be
discussed below to illustrate the approaches toward detection which
have been taken.
intact pesticide.

Most workers have employed UV detection of the
For example, Wilson and Bushway^^ determined

azinphos-methyl and its oxon analog in fruits and vegetables using
reversed-phase HPLC with detection at 224 nm.

Sample preparation

consisted of an extraction and passage through a CIS Sep-Pak car
tridge.

The precision at the lower level of determination (O.lôppm)

was less than 4%.

A further example of UV detection in the deter

mination of OP pesticide residues by HPLC is taken from the work of
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10
Cabras et al.^^.

Several DP pesticides were determined in grapes

by simply extracting the sample with benzene, evaporating to dryness,
and reconstituting the extract in the mobile phase, followed by injec
tion.

Detection was accomplished at 221 nm and detection limits were

in the range 0.04 to 0.2.ppm.

UV detection is applicable only to

those pesticides which possess suitable chromophoric substituents and
which are in relatively uncomplicated sample matrices.

The UV detec

tion sensitivities for most OP pesticides have been compiled^^'.
Several attempts have been made to devise alternate detection schemes
for OP conqjounds which are more sensitive and selective.

Acetyl

cholinesterase inhibition has been used to detect OP pesticides by
coupling HPLC with an AutoAnalyzer

1.7 1.8

*

. The combination of HPLC and

46
the AutoAnalyzer has also been exploited by Ott
in connection with
the determination of parathion and its oxon in dust samples. A diazotization and coupling reaction scheme was ençloyed.

Although low

detection limits were not achieved, the specificity of the Auto
Analyzer detection allowed confirmation of the UV response.
Some workers have attempted to adapt flame spectroscopic techniques for detection in liquid chromatography.

McGuffin and Novotny

47

have demonstrated the potential of an FPD used in conjunction with
microcolumn HPLC.

A detection limit of 2 ng(P) was achieved.

48
Chester
examined the problem of quenching of HPO emission by organic
solvents; and found that alcohols and acetone did not cause quenching
at moderate concentrations, but acetonitrile caused nearly complete
quenching at concentrations above 10%.

The determination of nucleo

tides by HPLC with a phosphorus-selective inductively coupled plasma
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11
49

detector has been described

> but the sensitivity obtained was not

competitive with other methods.

Szalonti^^ utilized flame ionization

detection with a transport wire in his study of the normal-phase HPLC
of OP pesticides.

Graphite furnace atomic absorption has been

employed for the detection of OP compounds^^» but further work is
needed on this scheme to increase sensitivity and to decrease processing time.

Cope

52

investigated a rotating molecular emission cavity

detector for possible applications to OP compounds, but foimd it to be
relatively insensitive and noisy.
An attempt to detect anionic OP compounds separated by ion chro
matography with conductivity and UV absorbance (210 nm) detectors in
series was successful, with detection limits in the low ppm range

53

However, only simple aqueous samples were considered and some anion
interferences were noted.

Similarly, conductivity detection was

employed in the determination of dibutylphosphate in a nuclear fuel
54
reprocessing stream . The use of electrochemical detectors in the
determination of pesticide residues by HPLC has been reviewed^^.
Electrochemical detection is expected to be applicable only to the
few OP pesticides whose structural features permit it (e.g., parathion^^).
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EXPERIMENTAL APPROACH

Merits of the Various Methods

From the preceding survey of analytical methods for OP pesti
cides, it is clear that the methods which are successful at the
residue level all involve chromatography.

Chromatographic separation

represents an additional dimension of selectivity beyond that obtain
able spectroscopically or electrochemically.

This permits a more

definitive determination with less sample preparation.

The sensi

tivity of the detection scheme also plays a key role by reducing the
amount of preconcentration necessary to achieve good precision at the
residue level.

However, extreme sensitivity is not required in the

case of OP pesticides and their metabolites, since concentrations
below about 0.1 ppm are generally not of regulatory or toxicological

. . . .

significance

57

.

TLC, GO, and HPLC methods each have their inherent merits.

GC

is generally accepted as having the greatest sensitivity on an abso
lute basis, but the injection of approximately 20-fold larger samples
in HPLC methods can make the two methods similar in sensitivity on a
concentration basis.

The advantages of TLC stem from the flexibility

in detection available as a result of the static nature of the deve
loped plate and the high sample throughput obtainable as a result of
separating several samples on the same plate.
Given that GC, TLC, and HPLC methods are similar in sensitivity,
the choice of technique for the particular analysis under considera
tion must be dependent upon additional factors.

There is not a great

12
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difference in the speeds of chromatographic analysis between the three
techniques» but the time required for sample preparation can be
important.

HPLC can offer significant advantages in this regard»

particularly for aqueous samples and polar analytes (such as most OP
pesticides)» assuming that the HPLC detection scheme offers some
selectivity.

The cost and reliability of a method is. often an impor

tant consideration; but not in this case» as these factors are similar
for GC (excluding GC/MS)» TLC (including densitometer)» and HPLC.
An important advantage of HPLC can be realized by considering
the use of post-column reaction detection systems.

Post-column

reaction detection is not used in GC because of the much higher dif
fusion coefficients of molecules in the gas phase which causes unac
ceptable band-broadenirgc

Although TLC can have great flexibility in

post-development detection reactions» the precision attainable with
present technology is not competitive with that which can be achieved
in a flow system.

This technique is experiencing tremendous growth

in HPLC applications as a result of the enhanced selectivity and
sensitivity that can be achieved^^.

The advantages stem from the

additional dimension of selectivity introduced by differences in
chemical reactivity between the analyte and potential interferences.
For example» fluorescamine reacts selectively with primary amines to
produce a fluorophore which permits the sensitive determination of
primary amines in the presence of secondary amines and other compounds

using HPLC with the appropriate post-column reaction detection
59
system . The above considerations lead to the selection of HPLC with
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post-column reaction detection as the technique to be studied for its
potential applicability to the determination of OP pesticide residues
and metabolites.

This is a fairly novel approach and is thus, suit

able for research of an exploratory nature, as is desired for this
research project.

Aside from the HPLC/AutoAnalyzer techniques

described in the previous section, post-column reaction has not been
employed for the detection of OP pesticides.

Detection System

Chromogenic Reaction

The determination of small amounts of orthophosphate by formation
of its reduced heteropolymolybdate complex is a well-studied spectrophotometric method which is widely used in water analysis^*^.

A gener

ally accepted procedure is that of Murphy and Riley^^, which utilizes
Sb(III) ion as a catalyst and produces maximum absorption at 885 nm.
An absorption spectrum of the reduced heteropolymolybdate is shown
in Figure 1.

The molar absorptivity (P-basis) at 885 nm is about

2.1 X 10^ L*cm*mol ^ with essentially no blank absorbance.

The

reduced heteropolymolybdate method is virtually specific for ortho
phosphate among all the various forms of phosphorus and only a few
other anions such as arsenate and silicate i n t e r f e r e T h i s method
was selected for use in the proposed post-column reaction detection
scheme because of its good sensitivity and high selectivity.

The

selectivity is to be achieved by both chemical reactivity and the
expectation that few non-phosphorus-containing interferences from
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the sanq>le matrix will be observed when monitoring the absorbance at
885 nm (spectroscopic selectivity).

Other sensitive detection tech

niques such as fluorometric and electrochemical are conceivable, but
are not likely to be as phosphorus-selective and as easily adaptable
to use in a post-column system as the one chosen.

Photochemical Conversion of OP Compounds to Orthophosphate

It is obvious that in order for the reduced heteropolymolybdate
chromogenic reaction to be applicable to the detection of OP compounds
eluted from the column, a method for their conversion to orthophos
phate must be utilized.

The conventional methods for mineralization

of OP confounds are acid digestion, furnace decomposition, and oxygen
bomb combustion^^.

All of these methods require aggressive conditions

which are not compatible with a post-column detection system.

For

this reason, photochemical degradation was selected for conversion
of eluted OP confounds to orthophosphate.
In previous work on the photomineralization of OP compounds,
63
Henriksen
determined total N, P, and Fe in fresh waters using batch
irradiations in quartz tubes with a 900 W mercury lamp.
required for complete oxidation.

One hour was

Armstrong et al.^^'^^ used a similar

procedure to determine total phosphorus in seawater.

Grasshoff

found that OP compounds could be determined in seawater using a
quartz spiral photoreactor in an air-segmented flow system.

A 900-W

mercury lamp was used and the reaction time was 15 minutes.

Other

investigators^^*have also reported on the use of UV degradation in
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the determination of OP compounds.

Little information is available in

the literature concerning optimization of the photodegradation or its
potential interferences.

There is a great deal of literature on the

chemical and photochemical degradation of OP pesticides in the envi
ronment.

However» these studies are of little analytical value since

their objectives were to investigate the persistence and the poten
tially toxic degradation products of the intact pesticide.

Some

analogies exist between the proposed photochemical degradation system
and that used in the determination of total organic carbon^^
The use of photochemical reactors in post-column reaction detec
tion systems is a relatively recent development» but the applications
reported thus far appear quite promising.

72
Iwaoka and Tannenbaum

used photochemical irradiation to convert N-nitroso compounds to
nitrite» which was detected downstream.

Twitchett et al.

73

found

that cannabinoids were converted to highly fluorescent products upon
irradiation and used this to advantage in their HPLC determination in
physiological fluids.

The post-column photochemical production of

fluorescent species from clobazam^*^ ^^» demoxepam^^» fenbendazole^^,
and various phenothiazines^^*^^ has been utilized to form the basis
of sensitive and selective HPLC determinations of these drugs in
bodily fluids.

Most of these applications have employed quartz

spiral photochemical reactors» but PTFE tubing has been recommended
as a good material for their construction^^*

and Uihlein and

Schwab^^ have formed it into unusual geometries» which were claimed to
reduce band-broadening.

In summary» the use of photochemical

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

18
degradation, in the ■post-column detection of OP compounds would repre
sent a new direction in post-column reaction detection schemes.
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OBJECTIVES

Detection System

The main objective of this research with regard to the postcolnmn reaction detection system is to study both the photochemical
degradation and the chromogenic reactions with the intent of identi
fying factors which affect their rates.

This is of concern because

of the deleterious effect of band-broadening on resolution and
sensitivity.

The band-broadening in a non-segmented open-tubular

flow system is directly proportional to the length of the tube

78

.

It

follows that by increasing the rate of the reaction, one may use a
shorter tube, and thus reduce band-broadening.

The rate of formation

of reduced heteropolymolybdate has been studied by Malmstadt et
al.79

but, the rate of the antimony(III)-catalyzed chromogenic

reaction has not been studied for an application such as that pro
posed here.

As mentioned earlier, the factors affecting the photo

degradation of OP compounds have not been optimized.

Thus, it is a

primary goal of this research to investigate the optimization of both
of these reactions for their intended use in the proposed detection
system.

In addition, the mobile phase desired for chromatographic

58
separation and the preferred reaction medium rarely correspond , and
therefore, this aspect also requires evaluation.

It is to be noted

that complete reaction is not a requirement for a viable post-column
reaction detection system

, but high yields are necessary to maintain

good sensitivity.
19
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It is desirable that the photodegradation conditions be effective
in converting a variety of OP compound types to orthophosphate in
order for the proposed detection system to function as a "phosphorus
detector".

For this reason, a model compound which is relatively

resistant to chemical and photochemical degradation , triethylphosphate (TEP), was chosen for the study cf the photodegradation reaction.
A batch irradiation approach was ençloyed for this study because the
reaction time is easily varied.

The photodegradation yields are to

be determined for a variety of OP compound types after initial study
of the photodegradation reaction.

Chromatography

The objective of the HPLC separation is to resolve the OP
compounds of interest from each other and from interfering substances.
The resolution must necessarily be greater when using a post-column
reaction detection system because some band-broadening will be
incurred regardless of how well the post-column system is optimized.
The flexibility in mobile phase selection is expected to be limited
by the requirements of the post-column reactions.

However, the selec

tivity of the detection system is expected to produce a simpler chro
matogram, which would reduce the difficulty of achieving the desired
separation.

Applications

The overall objective of this research project is to demonstrate
the applicability of the proposed method to the determination of OP
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pesticides and their metabolites in real-life samples.

The inter

relationships between the nature of the sample, the sample prepara
tion, the chromatographic mobile phase, and the proposed detection
system will have to be evaluated in terms of their effects on the
analysis.

It is anticipated that the high degree of selectivity that

the proposed method is designed to possess will lead to reductions in
the amount of sanple pretreatment that is characteristic of the
widely-used GC methods.

The detection limits are to be congjared with

those of competitive methods and the levels of regulatory and toxico
logical significance.

The proposed method should be easily adaptable

to OP pesticides and sample matrices not included in this study and
beyond the pesticide area to other classes of OP compounds.
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EXPERIMENTAL

Chemicals

All Chemicals used, in this work were of analytical reagent grade
and obtained from major suppliers unless otherwise specified.

The

primary standard, potassium dihydrogenphosphate (Merck ACS reagent
grade), was dried for two hours at 105 °C and stored in a desiccator.
Merck reagent grade ammonium peroxydisulfate (98%) was also stored in
a desiccator.

Triethylphosphate (98%) was used as received from Alfa

Products, Inc.

Dimethyl methylphosphonate (97%), ammonium diethyldi-

thiophosphate (95%), and octylamine (97%) were used as received from
Aldirich Chemical Company.

Dimethylphosphoric acid and a mixture of

mono- and diethylphosphoric acids were obtained from Pfaltz and Bauer,
Inc.

The pesticides listed in Table 1 were obtained from Chem Service,

Inc.

Acetonitrile, "distilled in glass" grade, was obtained from

Burdick and Jackson Laboratories, Inc.

Table 1.
Pesticides Used
Common Name

Systematic Name

Purity

Dichlorvos

2 ,2 -dichlorovinyl dimethylphosphate

99%

Dimethoate

0,0-dimethyl-S-(N-methylcarbamoylmsthyl )
phosphorodithioate

99.8%

Dimethyl-(2,2,2-trichloro-l-hydroxyethyl)
phosphonate

98+%

Ethion

S,S'-methylene bis(0,0 -diethylphosphorodithioate)

99%

Naled

1 ,2 -dibromo-2 ,2 -dichloroethyl dimethylphosphate

82+%

Dylox

22
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Batch Irradiation Studies

Irradiation Apparatus

The apparatus used for the irradiation studies consisted of a
Hanovia 901C-1 150 W xenon lamp and an Aminco lamp housing.

An

aluminum cell holder was attached to the housing which permitted a
1.00 X 1.00 cm cell to be positioned 3 cm from the lamp.

The housing

was 7.6 X 7.6 X 16.5 cm and had a 3 cm diameter air inlet (covered
with glass wool) and outlet.
cooling and ozone removal.

A Dayton Model 2C781 blower was used for
An Aminco Model D351-62155 power supply

was used to operate the lamp at 7.5 A.

The lamp was allowed to warm

up for at least one hour before any irradiations were performed.
This warm-up period was necessary for the apparatus to reach its
normal operating temperature of about 55 °C.

Procedure

Solutions of triethylphosphate and ammonium peroxydisulfate were
freshly prepared each day.

A 2.0-ml portion of the solution to be

irradiated was pipetted into a dry quartz fluorometry cell which was
then inserted into the irradiation apparatus.
when the selected reaction time had elapsed.
sample volume was directly illuminated.

The cell was removed
Virtually the entire

Followii^ irradiation, the

contents of the cell were quantitatively transfeirred to a 50- or 100ml volumetric flask, the appropriate amount of mixed phosphate reagent
was added, and the resulting solution brought to volume.

The mixed

phosphate reagent was prepared by dissolving 0.44 g of ascorbic acid
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in 50 ml of a solution containing 0.05 mol»L

-1

sodium molybdate and

4.0 eq*L ^ sulfuric acid, followed by the addition of 20 ml of a
1.0 mg(Sb)/ml potassium antimonyl tartrate solution, and dilution to
250 ml.

This is essentially the method of Murphy and Riley^^.

Absor

bance values were obtained.using a Bausch and Lomb Spectronic 20
equipped with a. red-sensitive phototube and red filter.

The readings

were routinely taken at both 650 and 885 nm vs. distilled water.
Calibration plots for orthophosphate at both wavelengths were linear
over the 0.1 to 1.6 ppm(P) range (in the final solution) with negli
gible blank absorbance.

Detection System

Apparatus

A Varian Model 5000 liquid chromatograph equipped with a Valeo
Model CV-6-UHPa-N60 injection valve (with 10 /il loop installed) was
used in the study of the post-column reaction detection system to
provide the main carrier stream and for the injection of samples.
A four-channel Rainin Rabbit peristaltic pump was used for the addi
tion of reagents.

A Varian Varichrome variable wavelength detector,

equipped with a Hamamatsu R446 photomultiplier tube, was used with
the flow cell alignment and other parameters optimized as detailed in
the operators manual.

A Varian Chromatography Data System Model lllL

was used for the measurement of residence times and the integration
of peaks.

The detection system is depicted in schematic form in

Figure 2.

The chromogenic reaction coil, connecting tubing, tees,
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and fittings were of the Cheminert product line (LDC Division of
Milton Roy, Inc.) and are made of a fluorocarbon polymer.

The tubing

was 0.5 mm i.d. throughout, except for the 1-m preheating coil for the
mixed phosphate reagent, which was 0.76 mm i.d..

The final version

of the chromogenic reactor was 1 m in length and formed into a coil
of 3.5 turns about a 5-cm coil diameter.

Other lengths and forms

were used in the early study of the system.

The temperature of the

preheating coil and the chromogenic reaction coil was controlled by
the use of a water bath equipped with a temperature regulator and a
stirring motor.

The sample flow cell of the detector was thermo-

statted by connection to the water bath through the peristaltic pump.
The photochemical reaction coil was constructed of fused silica
tubing (6 mm o.d. and nominally 0.5 mm i.d.) by Reliance Glass Works,
Inc., Bensenville IL.

It was about 580 cm in length and formed into

a spiral having 16 turns about a 11-cm coil diameter.

The photo

chemical reaction coil was centered vertically and horizontally about
the arc of the lar^ and supported Iqr a tripod.

Connections were made

to the Cheminert system with Swagelok SS-400-6-1ZV fittings.

The

photochemical reactor housing was constructed of sheet metal (3
sides, top, bottom) and asbestos (electrode side) and was 18 X 19 X
38 cm.

Air inlets were located along the bottom portion of two

opposing sides and the outlet was located at the top.

The same blower

as was employed in the batch irradiation studies was used to provide
for cooling and ozone removal.

A Harrison Model 6269A power supply

was used to operate an Osram XBO 450 W/4 xenon lamp at 25 A.

A

power supply overload protection circuit (Figure 3) was implemented
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Figure 3.

C = capacitor (5300 ^ ) » R = resistor (1 ohm), D = diode
(GE 1N1190A), L = inductor (20 turns of 12-gauge wire on
—
an iron bolt), S = switch.

Schematic Diagram of Power Supply Protection Circuit.

to guard against the triggering of the power supply circuit breaker
as the lamp was fired.

It was found to be important that de-vices

having sensitive semiconductor components be turned off and unplugged
during the firing of the largj.

The housing of the photochemical

reactor was grounded as an additional precaution.
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Methodology

The desired reagent addition flow rates and dilution factors
were obtained by the selection of the appropriate peristaltic tubing
and the digital setting of the punç) motor speed.

The flow rates were

accurately measured and periodically rechecked.

The concentration of

the reagents was adjusted when necessary as a result of the finite
number of peristaltic tubing sizes available to give the desired
final concentrations.

The photodegradation reagent was degassed with

aspirator vacuum prior to use.
broadening was FDStC Blue No. 1.
tees or reagent addition.

The dye used for the studies of bandBand-broadening was studied using no

The xenon lamp was allowed to warm up for

at least one hour prior to the collection of any data.

Chromatography

Apparatus

The Varian Model 5000 liquid chromatograph and the detection
system described in the previous section were employed in the chro
matographic investigations.

Varian MicroPak AX-lO anion exchange,

CH-10 CIS reversed phase, and CN-10 cyano-functional 30 cm X 4 mm
i.d. columns were used.

A 4 cm X 4 mm i.d. guard column filled with

Vydac 4 0 - ^ CIS pellicular packing was used in conjunction with the
CH-10 column.

A 100-pl injection loop was fabricated from a 50-cm

length of 0.5 mm i.d. stainless steel tubing and used where so
indicated.
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Methodology

The column tençierature was controlled at 30 °C unless otherwise
indicated.

All mobile phases were prepared with doubly-distilled-

deicnized water, and were filtered through a Millipore Type HA 0.45-

pm filter.

The mobile phase flow rate was 1.0 ml/min unless other

wise specified.

The photodegradation reagent flow rate was 0.5

ml/min and that of the chromogenic reagent was 0.17 ml/min.

The

chromogenic reagent was formulated to produce the following final
concentrations;

0.0059 mol*L ^ molybdate, 0.2 eq»L ^ sulfuric acid,

0.0165 mol«L~^ ascorbic acid, and 0.028 mg(Sb)/ml.
reaction temperature of 40 °C was employed.

A chromogenic

These conditions were

established by a study of the optimization of the chromogenic reaction
(see Results and Discussion section).

Detection was performed at

885 nm using a bandwidth of 16 nm and the slow time constant (2 sec).
Integrator pareimeters were set to provide optimum performance through
consultation of the operators manual and trial-and-error adjustments.

Sample Analyses

Urine

Urine samples were collected around midday on the day of the
analysis and allowed to cool to room tençerature.

A 50-ml portion

was pipetted into a beaker and sufficient water was added to bring
the volume to about 80 ml.

Dimethylphosphate and/or diethylphosphate

additions were made at this point.

The sample was stirred magne

tically at a rapid rate and 5.0 ml of 1.0 mol*L ^iron(III) perchlorate
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solution was added.
ammonia solution.

The pH was then adjusted to 4.75 with dilute
The sample was stirred for 30 minutes with the

pH readusted to 4.75 as necessary.

The entire sample, which at this

point contained brown precipitate, was quantitatively transferred to
a 100 -ml volumetric flask, diluted to volume with water, and mixed
thoroughly.

About 20 ml of this was filtered through a Millipore

Type HA 0.45-pm filter.

The filtrate was analyzed by HPLC using the

CH-10 column with its guard column.
employed.

The 100-/ÎL injection loop was

The mobile phase was 0.002 mol*L”^ octylamine containing

0.01 mol»L“^ sodium perchlorate and 0.001 mol*L ^ sodium acetate,
adjusted to a pH of 4.75 with perchloric acid.

The photodegradation

reagent was 0.8 mol*L ^ ammonium peroxydistalfate.

The other para-

maters were as described in the Chromatography section.
The recoveries for spiked samples were calculated by comparing
the mean response (peak height of area) obtained for the spiked
sample with that of a standard solution injected on the same day.
A two-fold dilution factor was introduced by the sample preparation
procedure.

A correction factor had to be applied in the determination

of dimethylphosphate to account for interference by monomethylphosphate in the standard solution (see Results and Discussion section).
An unspiked sample was analyzed each day, but no significant peaks
corresponding to the analytes were observed.

Tomatoes

Ripe tomatoes were acquired from private gardens or purchased
from local stores.

One tomato, or a portion of very large tomatoes.
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was taken for analysis.

The typical sample weight was 250 g.

The

tomato was sliced into quarters» homogenized in a Waring Blendor 'for.
15 minutes, and cooled to room temperature.

Pesticides were added

as 1.0 ml of a 100 ppm(P) solution in acetonitrile at this point.
A volume of acetonitrile equal to 10% of the sample weight was then
added.

This volume was adjusted to compensate for acetonitrile added

with the pesticide spikes.

The sample was blended for an additional

10 minutes and cooled to room temperature.

The entire slurry was

quantitatively transferred to a 500-ml volumetric flask using water
to rinse the blender.

The slurry was degassed with aspirator vacuum

and then diluted to volume.

A magnetic stirring bar was added and

the slurry was stirred vigorously to maintain homogeneity.

An aliquot

of the slurry was filtered through a Millipore Type HA 0.45-;jm filter
and the solid residue rinsed with water.

A Waters Associates CIS

Sep-Pak cartridge was prepared by rinsing it with 20 ml of 50%
acetonitrile » followed by two 10-ml portions of water.

The entire

filtrate was applied to the Sep-Pak and then washed with 2 ml of
water.

The desired components were eluted from the Sep-Pak with

4.0 ml of 50% acetonitrile into a 10-ml volumetric flask and diluted
to volume with water.
column.

This was then analyzed by HPLC using the CN-10

The 100-;d. injection loop was employed.

consisted of 0.05 ppm(P) orthophosphate.
was 0.01 mol»L ^ ammonium peroxydisulfate.

The mobile phase

The photodegradation reagent
The eluate was monitored

at 850 nm using a Hamamatsu R928 photomultiplier tube.

Other para

meters were as described in the Chromatography section.

Recoveries

were calculated in the same manner as for the urine analyses.
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taking into account any preconcentration achieved in the Sep-Pak
pretreatment step.

No significant peaks corresponding to the analytes

were encountered in unspiked samples.
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RESULTS AND DISCUSSION

Batch Irradiations

Preliminary Studies

Irradiation of triethylphosphate (TEP) in the absence of any
auxiliary photodegradation reagents was ineffective in producing
orthophosphate.

For example, only 9% conversion was obtained for a

five-hour irradiation time.

A preliminary screening of potential

aind-liary photodegradation reagents showed potassium periodate,
hydrogen peroxide, and ammonium peroxydisulfate to be effective in
promoting the conversion of TEP to orthophosphate.

Of these, the

solubility of potassium periodate is rather limited and high acidi
ties were required to achieve reasonable rates of reaction.

Hydrogen

peroxide interfered with the measurement of orthophosphate using the
heteropolymolybdate method by oxidizing molybdate.

The excess of

hydrogen peroxide remaining after irradiation was destroyed prior to
color development by the addition of ascorbic acid after first adding
a small amount of potassium iodide and sodium molybdate, thus increa
sing the complexity of the process.

Peroxydisulfate ion did not

interfere with the chromogenic reaction and was selected for further
study.

The oxidation of organic compounds by the peroxydisulfate

ion proceeds via a radical chain mechanism which is effectively ini
tiated by the absorption of UV light^^.

The UV absorption spectrum

of ammonium peroxydisulfate is presented in Figure 4.

This shows

that only far UV radiation (less than 300 nm) will be efficiently
33
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absorbed by the peroxydisulfate ion to produce the desired reaction.
The non-photochemical reactivity of the peroxydisulfate ion is low;
which is an attractive quality for the proposed detection system,
since a reducing agent, ascorbic acid, is used in the color develop
ment reaction.

Study of the Effects of Reaction Conditions on the Photodegradation
of TEP with Ammonium Peroxydisulfate________ ______________________

Parameters affecting the photodegradation were varied with the
intent of maximizing the rate of the reaction so that the residence
time (and consequently the band-broadening) in the proposed detection
system would be minimized.

The extent of conversion of TEP to ortho

phosphate was determined as a function of the initial peroxydisulfate
ion concentration.
Figure 5.

An S-shaped curve resulted, as can be seen in

The intensity of radiation emitted from the xenon lamp as

a function of wavelength increases by an order of magnitude upon
going from 200 to 300 nm

82

. As the concentration of the peroxydi

sulfate ion is increased, it absorbs more strongly at the longer
wavelengths where more energy is available and thus causes the rela
tively rapid increase in rate in the 0.01 to 0.1 mol*L ^ concentration
range.

An inner-filter effect is likely responsible for the observed

leveling-off of the rate of increase at concentrations above 0.1
mol»L

The precision was degraded at the higher concentrations

studied because of the inner-filter effect and unpredictable thermal
mixing.
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The effect of varying the pH of the reaction medium on the rate
of the photodegradation is depicted in Figure 6 . The pH values were
obtained by the addition of sulfuric acid or ammonia as required.
The broad region where the extent of reaction is independent of pH
coincides with the pH range that is compatible with silica-based LC
columns.
The percent conversion of TEP to orthophosphate was found to be
dependent upon the initial concentration of TEP, as is shown in
Figure 7 for three peroxydisulfate ion concentrations.

This depen

dence is a result of the reaction rate being independent of the
substrate concentration, as is generally the case for catalyzed
peroxydisulfate ion oxidations

83

. The high degree of conversion

obtained at low TEP concentrations has favorable implication for
success with the amounts that would be encountered in chromatographic
analyses; but, some non-linearity might be encountered at high
concentrations.
Lastly, the percent conversion is shown as a function of
irradiation time (Figure 8 ) to further demonstrate the desirability
of maintaining a high yield in the post-column photodegradation.
The yield is less sensitive to minor variations in irradiation time
when it is greater than 90%.
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Study of Potential Interferences

Various inorganic ions were screened ir order to assess their
potential to interfere with the photodegradation reaction.
results of this investigation are summarized in Table 2.

The
The level

at which interference occurred is defined as that concentration of
interférant which produced a result falling outside the 95% confidence
interval obtained with no interférant added.

A 100-sec irradiation

of 35 ppm(P) TEP with 0.2 mol»L ^ ammonium peroxydisulfate was
ejjçloyed for the purposes of this study.

Table 2.
Summary of Potential Interferences
Interférant

Added As

Maximum Concentration Allowed (mol-L

acetate

HC 2H 3O2

bromide

NH^Br

10 “^

chloride

NH^Cl

10 “^

copper(II)

CuSO^

< 10 ""^ ^

EDTA

Na^EDTA

< 10 “^

iodide

KI

iron(III)

Fe(NK^)SO^

molybdate

Na^MoO^

5 X 10“‘

nitrate

NaNO^

0.001

perchlorate

NaClO^

>0.5^

silver(I)

A§ 2 S0 ^

< 10 "^

sulfate
Positive interference,

0.001

10 -^

< 10 "^

> 1 .0^
highest level tested.
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Of particular interest among these results in relation to the
proposed post-column detection system are;
(1)

Sulfate and perchlorate ions do not interfere in such concen
trations as would be useful for ionic strength manipulation
in LC. .

(2)

Acetate ion could be useful in low concentrations as a pH
buffer for the mobile phases.

(3)

Silver(I) ion, often used as a catalyst in chemical oxidations
'with the peroxydisulfate ion, interferes seriously with the
photodegradation.

This is likely a result of the oxidation of

83
ammonium ion by peroxydisulfate ion .
(4)

The halide ions interfere seriously and could not be present
in the mobile phases.

(5)

Copper(II) ion produced greater percent conversion than that
obtained for solutions containing no added interférant.

Study of Catalysis by Copper(II) Ion

The enhancement of the rate of photodegradation by cupric ion
was thought to be worthy of further investigation, especially in
light of literature reports of Cu-catalysis in the oxidation of
various organic compounds^^'®^.

The dependence of the extent of

reaction on the copper(II) ion concentration is presented in Figure 9.
An optimum concentration of 0.01 mol«L ^ is observed under these con
ditions.

The reason for the occurrence of a maximum may be that the

higher concentrations are subject to an inner-filter effect caused by
the UV-absorption of the copper(II) ion.
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Ion Concentration for 100-sec Irradiations of 36 ppn(P)
TEP with 0.1 mol'L"^ Ammonium Peroxydisulfate.

The effect of the pH of the reaction medium is different in the
case of the copper-catalyzed reaction than in the uncatalyzed reac
tion» as is shown in Figure 10.

A much narrower range of pH values

where the extent of reaction is independent of pH is available.
Catalysis by copper(II) ion has been postulated to occur as a result
of complex formation with the substrate^^

This» along with the

hydrolysis of the copper(II) ion at the higher pH values» could
account for the observed pH dependence.

It is to be noted that high

concentrations of copper(II) ion can interfere with the measurement
of orthophosphate by the heteropolymolybdate method simply because
of its blue color.

This was minimized by the use of a large dilution

factor in the color development step of the batch irradiation pro
cedure.
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The pH Dependence of the Cu-cateulyzed Photodegradation
for 100-sec Irradiations of 35 ppm(P) TEP with 0.1 mol*
L“1 Ammonium Peroxydisulfate eind 0.01 mol»L**^ cupric
sulfate.

Effect of Organic Solvents

Interference from organic solvents commonly used in reversedphase LC was briefly examined.

As might be expected» all organic

solvents tested (including methanol, isopropanol, acetonitrile,
acetone, and tetrahydrofuran) interfered seriously.

At a 5% (v/v)

level, only acetonitrile did not completely prevent the desired
reaction from taking place in a 100-sec irradiation of 35 ppm(P) TEP
with 0.1 mol»L~^ ammonium peroxydisulfate in the presence or absence
of 0.01 mol»L ^ cupric sulfate.

Although the interference from

acetonitrile can be reduced to some extent by the use of elevated
concentrations of peroxydisulfate ion, the conclusion reached on the
basis of these results is that only virtually completely aqueous
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mobile phases will be compatible with the proposed post-column detec
tion system.

This is a severe limitation, but it is not insurmount

able (as will be seen in the following sections).

Post-Column Detection System

Chromogenic Reaction

The mixed phosphate reagent used in the batch measurements of
orthophosphate was designed^^ to produce a stable absorbing species
in a reasonable length of time (10 minutes at room temperature).

In

post-column reaction detection systems, the stability of the absorbing
species is not ordinarily of concern since measurement is made at a
short, fixed time interval after the mixing of the reagent and the
sample stream.

More important!y, the sensitivity is determined by

the degree of completion of the chromogenic reaction and by the amount
of band-broadening introduced by passage throt^h the reactor.

The

sensitivity will be maximized when the rate of the reaction is maxi
mized, permitting a shorter residence time in the reactor while
maintaining a high degree of completion.

Thus, the main concerns in

the optimization of the chromogenic reaction are the factors affecting
the rate of the reaction, namely, the composition of the reagent and
the temperature.

In addition, the reactor must be properly designed

and studied so as to achieve a mi ni.mum amount of band-broadening for
the residence time required for a high degree of completion.
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Effect of Orthophosphate in the Carrier Stream

During preliminary experimentation a Tygon brand PVC reaction
coil was used.

This material was found to be unsatisfactory due to

the apparent strong adsorption of orthophosphate and/or heteropoly
molybdate onto the tubing.

The use of a 6-m fluoropolymer reactor

(Cheminert brand) resulted in reduced, but still unacceptable, peaktailing for 10-ÿol injections of 5 ppm(P) orthophosphate when using
water as the carrier stream at a flow rate of 2.0 ml/min and the same
chromogenic reagent as was used in the batch studies at a flow rate
of 0.4 ml/min (Figure llA).

It is to be noted that this reactor was

of a "wavy" design similar to that which has been previously described
in the literature

89

.

Incorporation of 0.1 ppm(P) orthophosphate into

the carrier stream resulted in drastically reduced peak-tailing and
peak width, with a corresponding increase in peak height (Figure IIB).
It is believed that the presence of orthophosphate in the carrier
stream serves to saturate adsorptive sites present on the tubing.
A systematic investigation of the effect of varying the concentration
of orthophosphate in the carrier stream was conducted and the results
of this investigation are shown in Figure 12.

A substantial improve

ment in peak shape is observed in the orthophosphate concentration
range of 0.005 to 0.05 ppm(P), with little further improvement above
0.1 ppm(P).

The conditions employed for this study were as follows;

carrier flow rate = 2 . 0 ml/min, chromogenic reagent flow rate = 0.4
ml/min, reactor temperature = 50 °C, sample = 10 pi of 5 ppm(P) ortho
phosphate, and detection wavelength = 650 nm.
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0.004 Abs.

Figure 11.

Peak Shapes Without (A) and with (B) 0.1 ppm(p)
Orthophosphate Added to the Carrier Steam.
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The upper limit on the concentration of orthophosphate which
can be used, in the carrier stream is dictated by the background absor
bance produced and the consequent increase in baseline noise level.
The baseline noise was found to increase by about a factor of two in
going from zero added orthophosphate to 0.5 ppm(P) orthophosphate in
the carrier stream, which produced a background absorbance of about
0.2 at 650 nm.

As a result of this investigation, it was determined

that 0.05 to 0.1 ppm(P) orthophosphate should be maintained in the
carrier streams and mobile phases used in subsequent work.

The Dependence of Band-Broadening Upon Flow Rate

It has been shown both theoretically and experimentally by numerous workers

78 90 91
* ’
that the band-broadening in tubular reactors is

dependent upon the flow rate.

Since, however, the band-broadening is

also dependent upon the shape of the reactor and the materials used in
its construction; it is necessary for the band-broadening character
istics as a function of flow rate to be determined for the particular
type of reactor used.

The results of this determination for the 6-m

"wavy" reactor used in the early work and the 1-m reaction coil used
in the final applications are shown in Figures 13 and 14.
tions used for this study were as follows;
satçle = 10 ^

The condi

carrier stream = water,

of dye solution, reactor temperature = ambient (6-m

reactor) or 40 °C (1-m reactor), detection wavelength = 650 nm,
bandwidth = 8 nm (6-m reactor) or 16 nm (1-m reactor), and time con
stant = 1 sec (6-m reactor) or 0.5 sec (1-m reactor).
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The band-broadening characteristics of the two reactors are
quite different, probably as a result of their different shapes.
The band-broadening in the 6-m reactor is practically independent
of the flow rate in the region corresponding to the flow rates nor
mally used in LC.

The 1-m reaction coil, on the other hand, exhibits

a maximum in peak height (and a minimum in peak width) at a flow rate
of about 1.5 ml/min.

This flow rate corresponds very well to the

flow rate which is desired in terms of the overall system.

To

achieve reasonably short analysis times in conventional HPLC without
sacrificing column efficiency, the chromatographic flow rate should
be around 1.0 ml/min.

Reagent addition flow rates should be as low

as is consistent with good mixing and reagent stability to minimize
dilution of the analyte peaks.

These considerations result in a flow

rate through the chromogenic reactor which is close to the optimum
flow rate, as will be shown in the following sections.

Effect of Temperature

Prior to studying the effect of the reagent composition on the
rate of the chromogenic reaction, it was necessary, to locate condi
tions under which the reaction was incomplete so that increases in
rate would be observable.

It was experimentally simpler to vary the

temperature of the reactor than the length of the reactor to find
these conditions.

This was done for the 6-m "wavy" reactor and a

3-m reaction coil (9 turns on a 7-cm coil diameter).
are depicted in Figure 15.
were as follows:

These results

The conditions used for these experiments

carrier stream = 0.1 ppm(P) orthophosphate.
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Effect of Varying the Temperature of the Chromogenic
Reactor on Response for the 3-m (X) and the 6-m (0)
Reactors.

carrier flow rate = 1 . 0 ml/min, photodegradation reagent = 0.1 mol»L

-1

ammonium peroxydisulfate, lamp off, photodegradation reagent flow
rate = 0.78 ml/min, chromogenic reagent = same as that used^_^ the
batch studies, chromogenic reagent flow rate = 0.4 ml/min, sample =
10 )xL of 10 ppm(P) orthophosphate solution, and detection wavelength =
885 nm.

As expected, the rate increases with increasing temperature

and the area response for both reactors approaches about the same
value.

It can be seen that the reaction is virtually complete at

35 °C in the case of the 6-m reactor (34 sec residence time), while
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at the same tençerature» the reaction is about 50% complete in the
case of the 3-m reaction coil.

For this reason, the 3-m reaction

coil was used initially at a temperature of 35 °C for the study of
the effect of vaj^ring the conçosition of the chromogenic reagent.

Optimization of the Chromogenic Reagent Composition

Previous workers^^* 79-81

shown that the rate of formation

of the reduced heteropolymolybdate is dependent upon the acidity and
the concentrations of molybdate, reducing agent, and antimony(III).
However, previous work has not been oriented toward post-column detec
tion systems and this necessitated the study of the effects of varying
the composition of the chromogenic reagent in terms of achieving a
high degree of completion in an acceptably short reaction time.
Since a few experiments involving the reduction of the sulfuric acid
concentration produced a leveling-off of the response for the 3-m
reaction coil mentioned above, a 1-m reaction coil was constructed
for use in the following experiments. No significant gain in sensi
tivity is to be expected for further reductions in the length of the
chromogenic reactor because of the relatively larger contribution of
the photochemical reactor to band-broadening, which will be shown in
subsequent sections.

In these optimization experiments the chromo

genic reagent composition used in the batch experiments was taken as
a starting point for variations in the composition.

The concentration

of each component was varied individually, while the others were held
constant.

Combinations of lower acidities and. higher concentrations

of molybdate were found to produce reagents which were unstable to
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direct reduction of molybdenum to form a blue species which precluded
their use.

For this reason, the original acidity (0.46 eq»L ^

sulfuric acid) was used in the study of the effect of increasing the
concentration of molybdate ionand a lower acidity (0.2 eq«L ^
sulfuric acid) was used in the study of the effects of varying the
concentrations of ascorbic acid and antimony.

The results of these

studies are depicted in Figures 16 through 19.

The conditions used

for these experiments were as follows;

carrier stream = 0 . 1 ppm(P)

orthophosphate, carrier flow rate = 1 . 0 ml/min, photodegradation
reagent = 0 . 1 mol»L ^ ammonium peroxydisulfate, lamp off, photode
gradation reagent flow rate = 0.5 ml/min, chromogenic reagent flow
rate = 0.16 ml/min, chromogenic reactor temperature = 35 °C, sample =
10 ^

of 10 ppm(P) orthophosphate solution, and detection wavelength =

885 nm.
The most significant factor in increasing the rate of the chro
mogenic reaction was the reduction in acidity (Figure 16).

For this

reason, reducing the acidity was chosen over increasing the concen
tration of molybdate ion; however, the effect of varying the molybdate
ion concentration was also large (Figure 18).

Concentrations of

antimony(III) ion greater than those shown in Figure 17 produced
turbidity in the reagent.

Increasing the concentration of ascorbic

acid produced a leveling-off of response (Figure 19) which indicated
that the reaction had reached completion.

This was confirmed by the

preparation and testing of a reagent formulated to produce 0,2 eq»L
sulfuric acid, 0.027 mg(Sb)/ml, 0.0055 mol»L ^ molybdate ion, and
0.0165 mol*L ^ ascorbic acid in the final stream (i.e., elevated
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concentrations of both antimony(III) and ascorbic acid). This
lb
produced the same response as was obtained on the plateau region of
Figure 19.

This composition was adopted for use in the subsequent

studies» along with an increase in reactor temperature to 40 °C.
These conditions should ensure complete reaction, even if small
amounts of interfering substances were present (e.g., a co-eluting
peak).

This reagent was sufficiently stable that no significant

variations in response were observed during the course of an 8-hour
period of experimentation.

Photodegradation Reaction

The approach taken in the study of the photodegradation reaction
was necessarily different than that taken for the optimization of the
chromogenic reaction.

Because of the cost of the custom-made quartz

photochemical reactor, the length could not be varied, and therefore,
the only factor which could be manipulated to vary the residence time
was the flow rate.

As mentioned previously, the flow rates are dic

tated to a large degree by the chromatographic separation and the
nature of the reagent.

The length and bore of the photochemical

reactor were specified so as to provide a reasonable photodegradatidn
yield at flow rates of 1 to 2 ml/min on the basis of the batch
irradiation studies.

It was believed that adjustment of the ammonium

peroxydisulfate and copper(II) ion concentrations would provide the
flexibility to achieve high yields for the targeted OP compounds.
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Band-Broadening in the Photochemical Reactor.

Band-Broadening in the Photochemical Reactor

The band-broadening characteristics as a function of flow rate
were determined for the photoreactor in a manner similar to that
described for the chromogenic reactor.

The photochemical reactor was

directly connected to the injection valve and the detector without
tees» reagent addition» or the chromogenic reactor.
this study are depicted in Figure 20.
this experiment were as follows;

The results of

The conditions employed for

carrier = water» sample = 10 fil of

dye solution» lamp off» and detection wavelength = 650 nm.

This data

indicates relatively poor performance in the 2.0 to 3.0 ml/min flow
rate range.

In accordance with this finding» the flow rate through
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the photochemical reactor should, be maintained below 2.0 ml/min and
as low as is consistent with reasonable analysis times.

A flow rate

of 1.5 ml/min (1.0 ml/min mobile phase flow rate + 0 . 5 ml/min photo
degradation reagent flow rate) was used in most subsequent applica
tions.

This flow rate produces a residence time in the photochemical

reactor of 93 sec.

The observed residence times permit the calcula

tion of the effective inside diameter of the reactor.

The calculated

value of 0.7 mm is considerably greater than that specified to the
supplier (0.5 mm).

The flow rate chosen permits the use of peroxy

disulfate ion concentrations up to about 0.66 mol*L ^ in the photo
degradation reaction because the solubility of ammonium peroxydi
sulfate is about 2 mol«L~^.

However, the utility of such high con

centrations of peroxydisulfate ion in the reagent is limited by the
formation of oxygen bubbles from the slow decomposition of the
peroxydisulfate ion which can find their way into the flow system.
It should be noted that the decomposition of the peroxydisulfate ion
is sufficiently slow (1% decomposition in 27 hours

83

) so as not to

cause any significant variations in the photodegradation yield during
an 8-hour period of experimentation.

Also to be noted at this point

is the relatively larger contribution of the photochemical reactor
(Figure 20) to band-broadening when compared to the

values of

the 1-m chromogenic reactor (Figure 14). ■ Rough calculations indicate
that the photochemical reactor would be responsible for about 80% of
the band-broadening introduced by the post-column detection system.
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Overall Detection System Performance

Evaluation of the combined photochemical and chromogenic reaction
systems was conducted to study factors which could not be studied
with the individual reactors.

This was done with the objectives

of quantitatively determining the response for several OP compound
types relative to that obtained for orthophosphate to obtain photo
degradation yields and qualitatively investigating the interrelation
ship between the mobile phase and the detection system.

As mentioned

earlier, the maintenance of high yields is important for the achieve
ment of maximum sensitivity and precision in the overall scheme.
The responses obtained for three OP compound types relative to
the response obtained for orthophosphate are given in Table 3.

The

uncertainties listed are the overall standard deviations of three
replicates of each determination.

All compounds were injected as

10 /il of 10.0 ppm(P) solutions using the following conditions;
carrier stream = 0 . 1 ppm(P) orthophosphate, carrier flow rate = 1 . 0
ml/min, photodegradation reagent flow rate = 0.5 ml/min, lamp on.

Table 3.
Photodegradation Yields
Photodegradation
Reagent
Water

Peak Area Relative to Orthophosphate (%)
TEP
DEDTP
DMMP
94.5 ± 3

91 ± 4

90 ± 3

100 ± 2

97 ± 2

96+3

0.01 mol-L"!
Cï®4^2=2°8
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chromogenic reagent flow rate = 0.16 ml/min, and. detection wavelength
= 885 nm.

The label purities were as follows;

TEP = 98%, dimethyl

methylphosphonate (DMMP) - 97%, and ammonium diethyldithiophosphate
(DEDTP) = 95%.

However, the label purities are not a reliable basis

for conparison of the responses obtained since the detection system
measures phosphorus-containing compounds, while the method used by
the manufacturer in assaying the compounds is not known.

The yields

obtained using 0.01 mol*L ^ ammonium peroxydisulfate as the photo
degradation reagent appear to be practically quantitative.

The

yields obtained using only water as the photodegradation reagent are
surprisingly high in comparison with what was expected on the basis
of the batch irradiation results.
sible for this are:

The factors believed to be respon

the use of a higher intensity lanp, the use

of a different irradiation geometry, the irradiation of a much thinner
layer of solution, and dilution of the OP compound by the carrier
stream.

The last factor may be important, because it was found

earlier that the yield increased with decreasing TEP concentration.
The influence of the presence of sodium acetate on the photo
degradation is of interest because of the desirability of an acetic
acid - acetate pH buffer in the mobile phase for the separation of
ionizable OP compounds.

In the early experimentation with the chro

matography of ionic OP compounds using 0.005 mol*L ^ sodium acetate
(pH 5.0) in the mobile phase; good responses were obtained for the
simple phosphate esters, but the injection of dimethyl methyl phosphonate (DMMP) did not produce a peak.

This was further investigated

with various concentrations of ammonium peroxydisulfate in the
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photoreagent for TEP (Figure 21) and DMMP (Figure 22).

The presence

of 0.005 mol«L”^ sodium acetate in the carrier stream can be seen to
cause severe depression of the responses for both TEP and DMMP since
the yields for these compounds were high in the absence of acetate,
regardless of the concentration of the photoreagent.

This is likely

due to partial consvmç)tion of the photodegradation reagent by the
oxidation of acetate and the absorption of far UV light by acetate.
The interference with the TEP response can be overcome by relatively
moderate increases in the photodegradation reagent concentration.
In contrast, the DMMP response cannot be completely restored by
increases in the photodegradation reagent concentration up to 0.2
—1

mol'L

ammonium peroxydisulfate.

This is likely a consequence of

the higher resistance of DMMP to degradation because of the presence
of a phosphorus-carbon bond.

Thus, la-lM? is a more sensitive probe

for determining if a given set of photodegradation conditions will be
effective in degrading a variety of OP compound types.

An imporrant

outcome of this investigation is that the concentration of ammonium
peroxydisulfate in the photodegradation reagent necessary to provide
high yields depends upon the presence of interfering species in the
carrier stream or mobile phase.

Furthermore, the use of high con

centrations of ammonium peroxydisulfate (e.g., 0.1 mol*L ^) as the
photodegradation reagent produces bubbles in the flow stream after
passage through the photochemical reactor when a carrier stream
containing no interfering species is used, thus precluding the use
of relatively high concentrations of ammonium peroxydisulfate in
all cases.

However, elevated concentrations of ammonium
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peroxydisulfate can be used when the carrier stream contains an
interfering species such as acetate without bubble formation.

The

strategy that emerges from the above observations is to employ the
highest concentration of ammonium peroxydisulfate that does not
produce bubbles in the flow stream.
An attempt was made to assess the utility of employing 0.01
mol'L

cupric sulfate in the photoreagent to overcome the inter

ference from 0.005 mol»L ^ sodium acetate (pH 5.0) in injections of
TEP using.0.01 mol»L ^ ammonium peroxydisulfate as the photodegra
dation reagent.

An increase in the TEP area relative to orthophos

phate from 42 to 64% was observed.

However, the area of the ortho

phosphate peak was decreased by 10% and the background absorbance
and noise levels were increased when copper(II) ion was used.

Thus,

the value of utilizing copper-catalysis in the photodegradation is
questionable.

It is not necessary to use copper(II) ion in the photo

reagent when using a non-interfering carrier stream or mobile phase
because the yields are virtually quantitative in its absence.
A carrier containing 0.001 mol»L

sodium acetate (pH 4.75) and

0.05 ppm(P) orthophosphate was evaluated as a potential mobile phase
by injecting 10 ppm(P) DMMP using 0.1 mol»L ^ ammonium peroxydisulfate
as the photodegradation reagent.
of 92% was obtained.

An area relative to orthophosphate

This indicates that 0.001 mol«L

sodium acetate

can be used as a buffered mobile phase while maintaining high photo
degradation yields for most OP compounds.

The susceptibility of

these conditions to interference from a co-eluting peak was evaluated
by injecting 10 ppm(P) DMMP in 0.01 mol«L ^ sodium acetate solution.
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A depression in the response of 3.6% was observed.

A similar test

was performed using a carrier containing no sodium acetate and 0.01
mol»L~^ ammonium peroxydisulfate as the photodegradation reagent.
dectease in response of 2.1% was observed.

A

While this test is not

valid for all possible co-eluting compounds» it does suggest that the
detection system can be expected to be relatively immune to inter
ference from co-eluting confounds not containing phosphorus.

In

summary» the performance of the detection system should be evaluated
for each particular situation and mobile phase under consideration.
A situation similar to that described for acetate ion may exist for
low concentrations of organic solvents» but this aspect was not
studied since the anticipated chromatographic separations could be
achieved without the use of organic solvents in the mobile phase.

Chromatography

Preliminary Investigations

The mode of chromatographic separation selected for a given
analysis is strongly influenced by the nature of the analytes.

lon-

izable compounds are generally handled by ion-exchange or ion-pair
reversed-phase chromatography.

OP compounds in this category that

were of interest in this research project include the mono- and
diallqrlphosphates and phosphorodithioates.

Neutral compounds may

be separated by either normal-phase or reversed-phase LC» depending
upon their structural features.

Since normal-phase chromatography is

totally incongatible with the detection system developed in this
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research project, the separation of neutral compounds was confined to
the reversed-phase mode with the additional restriction that only
aqueous mobile phases could be engloyed.

The OP compounds in this

category that were of interest in the present investigation included
the polar OP insecticides and triallqrlphosphates.

Ion-Exchange Chromatography

A weakly basic anion-exchange stationary phase was initially
selected for the separation of the allqrlphosphoric acids.

At a pH

of five the amine group on the stationary phase is prptonated and the
analytes are present as their respective anions, permitting a separa
tion modulated largely by the ionic strength of the mobile phase.
The selection of a salt to provide for ionic strength manipulation
was aided by the batch irradiation studies, which showed that sodium
perchlorate and ammonium sulfate did not interfere with the photo
degradation.

Perchlorate ion was found to be too weakly sorbed by

the stationary phase to compete effectively at reasonable concentra
tions with the analytes.

Sulfate ion was effective in this regard.

A sample chromatogram is presented in Figure 23 and was obtained
using the following conditions:

Mobile phase = 0.05 mol«L ^ ammonium

sulfate containing 0.005 mol«L ^ sodium acetate (pH 4.75), photodegra
dation reagent = 0.04 mol»L ^ ammonium peroxydisulfate, column tem
perature = 26 °C, sample = 10 ul of approx. 100 ppm(P) mono- and
diethylphosphate mixture, and detection wavelength = 885 nm.

The

elution order is assumed to be diethylphosphate (peak 1) followed by
monoethylphosphate (peak 2).

This chromatogram is illustrative of
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Sepezmtion of Mono— and Diethylphosphate Mixture.
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the ion-exchange separations that were obtained.

The earlier peaks

were of acceptable shape, but the later-eluting peaks were excessively
broad and tailed.

The poor peak shapes could be attributed to a

non-linear adsorption isotherm, residual silanol groups on the sta
tionary phase, and/or the use of the doubly-charged sulfate ion as
the displacing anion.

A summary of the retention data collected under

the conditions listed above is presented in Table 4.

The retention

data is indicative of reasonably good selectivity and suggests the
use of a gradient to achieve shorter analysis times.

However, the

poor efficiency and peak-tailing severely limits the number of com
ponents that could be resolved and the sensitivity attainable.

Some

attempts were made to effect the improvement of the efficiency and
the peak symmetry.

The effect of varying the column temperature on

Table 4.
Summary of Ion-Exchange Retention Data

Compound

Retention Time (min)

Triethylphosphate

5.6

Dimethylphosphate

6.8

Diethylphosphate

8.8

Monomethylphosphate

22.4

Monoethylphosphate

22.8

Diethyldithiophosphate

28.8

Orthophosphate

40.4

Thiophosphate

42.8
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Effect of Column Temperature on Retention and Efficiency.

the efficiency and retention time obtained for injections of 10 yH of
100 ppm(P) orthophosphate solution is depicted in Figure 24.

The

conditions used for this investigation were the same as listed above.
Increasing the column temperature decreased retention, increased
efficiency, and improved peak symmetry.

However, the gains fell far

short of those desired for a good anal]rtical separation.

An attempt

was made to improve peak shape by incorporating 0.1 ppm(P) orthophos
phate into the mobile phase.

This resulted in a decrease in reten

tion, an increase in efficiency, and an improvement in peak shape of
the same magnitudes as were observed for a 15 °C increase in the
column temperature.

As a result of these experiments, the ion-

exchange mode was deemed unsatisfactory for the separation of the OP
anions.

However, ion-exchange•columns other than the type evaluated

in this research project might prove more suitable.
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Ion-Pair Reversed. Phase Chromatography

The technique of ion-pair (also known as ion-interaction)
reversed-phase chromatography has emerged in recent years as an
attractive alternative to ion-exchange chromatography.

In this

separation mode, a hydrophobic counter-ion is added to the mobile
phase to increase the retention of ionized solutes.

The selection

of the counter-ion to be employed in a given analysis depends upon
the nature of the analytes and the available flexibility in mobile
phase parameters.

In the present study, the flexibility in mobile

phase selection is reduced by the limitation that organic solvents
interfere with the detection system.

For this reason, the primary

factor governing the selection of an ion-pairing reagent was the
hydrophobicity of the counter-ion.

It was found early on that the

protonated octylamine ion provided adequate retention of the OP
anions under consideration at reasonable concentrations in the mobile
phase.
Increasing the concentration of the ion-pairing reagent causes
an increase in the retention of dimethylphosphate (BMP) ion, as is
shown in Figure 25.

The mobile phase employed for this experiment

also contained 0.05 ppm(P) orthophosphate and 0.001 mol»L ^ sodium
acetate (pH 5.0).
of the analytes.

This provides one means of varying the retention
Another factor which affects retention is the

column temperature.

This was briefly investigated, as is shown in

Table 5, using the same mobile phase as that given above with an
—4
—1
octylamine concentration of 2 X 10
mol»L . No significant
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Effect of the Concentration of Octylamine in the Mobile
Phase on the Retention of Dimethylphosphate.

advantage is to be expected from utilizing elevated column tempera
tures» since the objective is to obtain adequate retention with a
minimum concentration of ion-pairing reagent in the mobile phase.
A column temperature of 30 °C was selected to amintain consistency
amid changes in the ambient temperature.

Table 5.
Effect of Column Temperature on the Retention of DMP
Column Temperature (°C)

Retention Time (min)

30

9.05

35

8.72

39

8.37
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Another parameter which can be ençjloyed. to manipulate retention
is the ionic strength of the mobile phase.

It was found that increas

ing the ionic strength causes a decrease in retention.

For example,

-4
-1
when using a mobile phase consisting of 3 X 10
mol*L
octylamine,
0.05 ppm(P) orthophosphate, and 0.001 mol*L ^ sodium acetate (pH 5.0);
a retention time of 10.1 minutes was obtained for DMP.

Upon incor\

porating 0.05 mol*L ^ ammonium sulfate into that mobile phase, a
retention time of 5.62 minutes was obtained.

Figure 26 shows that

the ionic strength effect appears to take place at concentrations
roughly comparable to the concentration of the ion-pairing reagent,
with little effect noted at higher concentrations.

The mobile phase

used for the study of the effect of ammonium sulfate concentration on
the retention of BMP was 0.001 mol'L ^ octylamine containing 0.05
ppm(P) orthophosphate and 0.001 mol*L ^ sodium acetate (pH 5.0).

The

9.0.

8.0“

7.0-

O'.OO

Figure 26.

oloi
0‘
0.02
.02
0.03
0.04
0.05
Concentration of Ammonium Sulfate (mol»L“^)

Effect of Varying the Concentration of Ammonium Sulfate
in the Mobile Phase on the Retention Time of DMP.
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Separation of Mono- and Diethylphosphate Mixture.
Peak identities; 1 = orthophosphate, 2 = monoethyl
phosphate, 3 = diethylphosphate.

retention time of DMP in the absence of ammonium sulfate with this
mobile phase is very large.
A sample chromatogram which is illustrative of those obtained
using the ion-pair separation mode is presented in Figure 27.

This

separation of 100 /il of 2 ppm(P) mono- and diethylphosphate mixture
was obtained using a mobile phase couqjosition of 0.002 mol'L
octylamine, 0.01 mol*L

-1

sodium perchlorate, and 0.001 mol'L

-1
-1

sodium acetate (pH 4.75); and a photodegradation reagent of 0.8
mol'L ^ ammonium peroxydisulfate.

Orthophosphate was not used in

the mobile phase, at the expense of some band-broadening, to prevent

R eproduced w ith perm ission o f the copyright owner. Further reproduction prohibited w itho ut perm ission.

74
severe baseline upsets in the analysis of the urine samples» which
will be discussed in a subsequent section.

An elevated concentration

of peroxydisulfate ion in the photodegradation reagent was necessary
to overcome interference from not only acetate ion» but also octyl
amine.
The calculation of photodegradation yields is complicated by
the difficulty of obtaining pure analytical standards of these com
pounds.

A rough estimate of the yield can be made by comparing the

area obtained for an orthophosphate standard solution with the total
area of the phosphate ester mixture.

For example» the area of the

peak resulting from the injection of a 1.0 ppm(P) orthophosphate
standard solution was compared with the total area of the above
chromatogram» and a ratio of 0.48 was obtained; which indicates that
the photodegradation yields were greater than 90%.

Further discussion

on the quantitative aspects may be found in the section dealing with
the determination of dial^lphosphates in urine.

These results

suggest that a good estimate of the concentration of the OP compounds
can be obtained from a calibration curve constructed from the areas
of some orthophosphate standard solutions.

Chromatography on a Cyano-Phase Column

During the experimentation with the CIS column» it was found
that neutral OP compounds were very strongly retained from the
aqueous mobile phase and that no practicable means was available to
effect their elution.

For this reason» a cyano-phase column was

evaluated to ascertain whether this more polar stationary phase
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woiald allow the elution of the neutral OP compounds with aqueous
mobile phases.

This was found to be the case, as can be seen from

the retention data given in Table 6.

The mobile phase used to obtain

these retention times was 0.05 ppm(P) orthophosphate and the sarnies
were 100 pi of 1 ppm(P) solutions.

The retention times listed in

Table 6 are in the proper range for analytical determinations.
ionic OP compounds tested eluted near the system void volume.

The
Ethion,

which is sparingly soluble in water, was not eluted from the column.

Table 6.
Retention Data for the Cyano-Phase Column

Compound

Retention Time (min)

Dylox

6.79

DMMP

7.04

Dimethoate

9.72

TEP

10.36

Dichlorvos

16.84

Naled

28.27

It was found that increasing the column temperature caused a
decrease in retention.
Figure 28.

This effect is shown for DMMP and TEP in

The conditions used were similar to those given above.

While the effect of temperature is not great, it is the only means
of decreasing retention.

This may be of value if dichlorvos or naled

are to be determined, since greater peak heights can be obtained at
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Effect of Varying the Column Temperature on the Retention
of DMMP and TEP.

lower retention times.

A sançle chromatogram showing the separation

of a standard mixture of pesticides is shown in Figure 29.

Conditions

similar to those given above were used, except that each pesticide
was present at 0.2 ppm(P) each.

The peak widths were generally smal

ler than those encountered in the chromatography of the ionic OP
compounds.

This, and also the absence of any interfering substances

in the mobile phase, results in a favorable situation for the deter
mination of these OP pesticides, as will be seen in a subsequent
section.
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Separation of a Pesticide Mixture.
Peak Identities: 1 = dylox, 2 = dimethoate, 3
dichlorvos.

Selected Analyses

Determination of Dialkylphosphates in Urine

The determination of dimethylphosphate (IMP) and diethylphosphate
(DEP) was selected for consideration in the present study, since
these are the principal urinary metabolites of OP pesticides in man

92

.

Urine can be a fairly complex matrix when analyzed using non-selective
detection.

However, it was apparent, after some preliminary

tions of urine onto the CIS column using the chromatographic
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Effect of Fe-pretreatment on the Chromatogram of
Unspiked Urine. A - without pretreatment, B with pretreatment.
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conditions and detection system parameters developed earlier, that
the large amount of orthophosphate present in urine was the main
interference to be dealt with in this study.

After some unsuccessful

attergjts to effect an ion-exchange removal of orthophosphate, an
iron(III)-pretreatment procedure was developed.

Orthophosphate was

virtually completely precipitated by the addition of ferric perchlor
ate, as can be seen by comparing Figure 30A (no Fe-pretreatment) with
Figure 30B (with Fe-pretreatment).
diluted urine.

The sample illustrated is two-fold

There are some important differences in the conditions

used to obtain the chromatograms depicted in Figure 30 which serve to
illustrate the method development involved.

Firstly, a 10-ul portion

of the untreated sample was injected vs. 100 jiL of the Fe-treated
sample.

In addition, the Fe-treated sample was recorded at twice

the sensitivity of the untreated sanqsle.

These differences demon

strate the effectiveness of the pretreatment procedure in reducing
interference from orthophosphate and permitting a 200-fold increase
in the sensitivity.

Modifications to the mobile phase were made in

order to minimize the baseline upsets associated with the injection
of the urine samples.

Orthophosphate was not used in the mobile

phase in order to prevent negative baseline excursions.

Furthermore,

the mobile phase used for Figure 30B contained 0,01 mol«L ^ sodium
perchlorate.

It was shown in a preceding section that increasing

the ionic strength of the mobile phase decreases retention in the
ion-pair reversed-phase mode.

It was deduced that the high concen

tration of perchlorate ion in the sample (from the ferric perchlorate
used in the pretreatment) was adversely affecting retention times and
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the stability of the baseline.

The inclusion of perchlorate ion in

the mobile phase lessens the difference between the sample and the
mobile phase with respect to ionic strength, which considerably
improves the appearance of the chromatogram.

An order of magnitude

increase in the octylamine concentration was necessary to maintain
adequate retention with the higher ionic strength and a corresponding
increase in the concentration of ammonium peroxydisulfate in the
photodegradation reagent was consequently necessary to maintain high
yields in the detection system.

A sample chromatogram of a urine

sample spiked with 5 ppm each of DMP and DEP is shown in Figure 31.
The mobile phase developed for the analysis of the dialkylphos
phates did not provide adequate resolution between monomethylphosphate
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(MMP) and DMP.

This prevented quantitation of DMP in the urine

sample by direct comparison with a standard solution because the main
peak obtained for the standard solution was due to both MMP and DMP,
while the analyte peak in the chromatogram of the Fe-treated urine
sample was assumed to be due only to DMP.

This assumption was made

on the basis of the negligibly low recovery observed for monoethyl
phosphate and the fact that yields based upon the IMP content only,
did not significantly exceed 100%.

In order to quantitate DMP in the

urine saaqsle, it was necessary to determine the amount of DMP present
in the "standard” solution.

Analysis of DMP Standard

Potentiometric titrations were performed to determine the DMP
content of the solution used as a standard.

The weighed sample was

dissolved in water and equilibrated with acid-form cation exchange
resin to convert all of the phosphorus-containing components to their
protonated forms.

The resin was removed by filtration, and aliquots

of the resulting solution were titrated with standardized base solu
tion in the usual way.

The first endpoint was assumed to correspond

to the titration of phosphoric acid, monomethylphosphoric acid, and
dimethyl phosphoric acid.

The second endpoint was assumed to corre

spond to the titration of dihydrogenphosphate ion and MMP monoanion.
The phosphoric acid content of the DMP standard was determined by the
heteropolymolybdate spectrophotometric method.

This data permitted

the calculation of the concentrations of all three components.

The

results were: 2.98 + 0.04% phosphoric acid, 47.6 ± 0.2%
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monomethylphosphoric acid» and 39.2 ± 0.2% dimethylphosphoric acid
(all given as weight percent).

A simple calculation then provides'the

desired information --- 42.2 ± 0.3% of the area of the MMP + DMP peak
was due to DMP.

Results of the Urine Analyses

The area of the MMP + DMP peak obtained for injections of a
standard solution analyzed on the same day as the sangle was multi
plied by the factor determined above» and compared with the area of
the DMP peak in the chromatogram of the urine sample to evaluate the
recovery of DMP.

The recovery of DEP was evaluated by simply com

paring the area obtained for the standard solution to that of the
urine sangle because MEP and DEP were well-resolved.
culations were performed using peak height.

Similar cal

The recoveries obtained

are summarized in Tables 7 and 8 for DMP and DEP» respectively, at
various spike levels.

The uncertainties given are the overall

standard deviations resulting from replicate measurements of the
standard solution» urine sample» and the determination of the DMP
content of the DMP standard solution.
DMP are:
are:

The overall recoveries for

101 + 10% (height) and 106 ± 15% (area)» and those for DEP

104 + 4% (height) and 96 ± 17% (area).

The uncertainties are

rather high as a result of the high noise level encountered at this
sensitivity» but the data appear to indicate approximately quanti
tative recoveries of DMP and DEP.

An alternative calculation method

to that used here could be quantitation by peak area referenced to a
calibration plot constructed with orthophosphate standard solutions.
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Table 7.
DMP Recoveries

Spike Level (ppm)

Recovery (%)
Peak Height
Peak Area

4.6

110 ± 1

112 ± 11

4.2

98 ± 4

101 ± 10

2.2

95+9

2.0

102 ± 3

Table 8.
DEP Recoveries

Spike Level (ppm)
11

Recovery (%)
Peak Height
Peak Area
105 ± 1

&

5.6
5.4

100 ± 10
97 ± 2

104 + 4

92 ± 13

However, that method would be expected to be less reliable because of
the presence of interfering substances in the mobile phase, which
could cause photodegradation yields to be less than quantitative, and
the fact that peak area measurement is less precise than peak height
measurement at the noise levels encountered.

That method could be

employed to provide an estimate of the urinary allqrlphosphate concen
tration in a shorter analysis time.

Discussion

Under the conditions used for the determination of recoveries.

R eproduced w ith perm ission o f the copyright owner. F urth er reproduction prohibited w itho ut perm ission.

84
the detection limit for M P would be 0.3 ppm and that for DEP would
be 0.8 ppm (signal-to-noise ratio = 2).

While these values are some

what below the level at which urinary concentrations would be associ
ated with potentially toxic exposure to OP pesticides^» the precision
is poor when working at levels close to the detection limit.

However,

improvements in the detection limits are to be expected when the
signal-to-noise ratio is optimized with respect to the detection wave
length (see Figure 34).

In addition, recent advances in post-column

reactor design^^ would be expected to increase the signal as a result
of decreased band-broadening.
The method developed in this research project for the determin
ation of dialkylphosphates in urine has several attractive features
stemming from the simple pretreatment procedure.

No extraction or

pre-column derivatization is necessary as is the case with published
GC procedures

92, 93

. The Fe-pretreatment procedure removes the inter

fering orthophosphate, while permitting the dialkylphosphates to be
virtually quantitatively recovered by a single filtration step.

The

procedure also has the advantages of removing monoalkylphosphates and
not introducing significant amounts of iron(III) ion, which interferes
seriously with the photodegradation, into the sample.

The entire

sêfflçle pretreatment procedure requires less than one hour.
For the purpose of evaluating the selectivity of the detection
system, the column was connected directly to the detector with the
detection wavelength set at 205 nm.

The resulting chromatogram of

an Fe-treated urine sample spiked with 4 ppm DMP is shown in Figure
32.

The chromatographic conditicns were the same as those used for
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Figure 32.

Chr«natogram of Urine Sanple Obtained with uv Detection.
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Figure 31» but the detection sensitivity was ten-fold lower.

Inter

ferences in both the DM? and LEP elution regions are observed, which
would seriously limit the utility of UV-detection for this application.
In addition, the dialkylphosphates do not absorb strongly, even at
205 nm, thus precluding their detection at the levels studied.

Determination of OP Pesticides in Tomatoes

Although it was shown earlier that four of the five OP pesticides
available for this research project possessed retention such as would
permit their determination with the cyano-phase column and the detec
tion system developed in this work, dimethoate was chosen for in-depth
study because of its excellent peak-shape and its intermediate
retention time.

There was no particular reason for the selection of

the tomato as the sample matrix, other than that it is easily homo
genized and was readily available at the time of the investigation.
Preliminary experiments revealed that tomatoes contain an
intolerable amount of orthophosphate and possibly other phosphoruscontaining interferences as well.

The Fe-pretreatment procedure was

not as effective in removing the early-eluting interferences as it was
in the analysis of urine.

Therefore, a Sep-Pak pretreatment procedure

was developed, which was found to be effective in reducing the magni
tude of the early-eluting interferences while allowing recovery of
the pesticides.

Recoveries, calculated from a two-point calibration

line obtained by analyzing two dimethoate standard solutions on the
same day which bracketed the response of the sample, are presented
in Table 9.

The uncertainties listed are standard deviations
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Table 9.
Recoveries of Dimethoate from Tomatoes
A.

No Preconcentration.
Recovery (%)
Spike Level(ppm)

B.

Peak Height

Peak Area

3.2

69 ± 2

70

±2

3.0

69 ± 2

68

±4

With Two-FoldPreconcentration
Recovery (%)
Spike Level (ppm)

Peak Height

Peak Area

3.2

69 + 2

68 + 1

3.0

69 ± 2

69 + 4

obtained by conventional propagation-of-error calculations including
the uncertainties associated with the two standards and the sample.
Although the recoveries are not as high as would ideally be desired»
they appear to be reproducible.

Since the percent recovery was the

same whether or not a two-fold preconcentration was attempted» it
would appear that a fraction of the dimethoate added may be sorbed
by the tomato homogenate.
With the use of a two-fold preconcentration factor» the detec
tion limit for dimethoate using the procedure developed in this work
was 0.09 ppm.

A sangle chromatogram illustrating the determination of

3.0 ppm dimethoate in a tomato is shown in Figure 33.

The noise

level at 850 nm is determined largely by low-frequency baseline
fluctuations» rather than by higher-frequency photomultipier noise.
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24

Chromatogram of Tomato Sample Spiked with Dimethoate.
Peak Identity;- 1 = dimethoate.
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This suggests that lower detection limits may be obtainable by
careful attention to eliminating sources of pulsation.

As mentioned

earlier, improvements in the design of post-column reactors will
also result in lowered detection limits as a result of reduced bandbroadening.

However, at its present stage of development, the method

can determine dimethoate in tomatoes with good precision at the legal
tolerance of 2.0 ppm^^.

Sample clean-up is much sinç)ler than is the

33
case for published GC methodology , but the sample preparation time
is rather long, with three hours (no preconcentration) or five hours
(with two-fold preconcentration) being required.

The slow step in

the saaqjle preparation is the filtration of the tomato homogenate
through the Millipore filter.

Centrifugation may be a time-saving

alternative to this.
The pesticide determinations were performed using a detection
wavelength of 850 nm rather' than 885 nm, as was used in the preceding
studies.

This change was made as a result of an investigation of the

variation of the signal-to-noise ratio as a function of the detection
wavelength, the results of which are plotted in Figure 34, for the
Hamamatsu R928 photomultiplier tube.

It is regrettable that this

study was not performed early on in this research project, since a
three-fold inçrovement in the signal-to-noise ratio is achieved by
the use of 850 nm as the detection wavelength instead of 885 nm.
This variation is due to the spectral sensitivity characteristics of
the R928 photomultiplier tube

94

. The signal-to-noise ratio for

dimethoate in the tomato matrix was monitored for this study so that
any changes in the matrix response could be observed.

No significant
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Dependence of Signal-to-Noise Ratio Upon Detection
Wavelength.

changes in the general appearance of the chromatogram were noted.

The

advantage of the use of the phosphorus-selective detection system over
sizg>le UV detection at 210 nm is illustrated in Figure 35.

The

tomato sample was injected with the column connected directly to the
detector, which was set at 20-fold lower sensitivity cLaii that used
for Figure 33.

It can be seen that the early-eluting interferences

absorb more strongly at 210 nm and would present a serious problem at
higher sensitivities.

Further clean-up would be necessary to deter

mine dimethoate effectively ir tomatoes using UV detection.
A chromatogram which illustrates the additional method develop
ment necessary to determine dylox and dichlorvos in tomatoes is shown
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Chronatogram of Tomato Sample Obtained with ÜV Detection.
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Figure 36,

Chromatogram of Tomato Sample Spiked with Dylox,
Dimethoate, and Dichlorvos.
Pealc Identities: 1 = dylox, 2 = dimethoate, 3 =
dichlorvos.

in Figure 36.

Dylox elutes too near to the early-eluting interfer

ences to be satisfactorily determined under these conditions.
of increasing its retention would have to be devised.

A means

An increase in

column temperature likely would improve the peak shape and peak height
of the dichlorvos peak, but otherwise its determination should be
straightforward.

The methodology developed in this research project

should be applicable to other water-soluble OP pesticides.
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CONCLUSION

Overall, this research project has successfully met its objec
tives.

Once the feasibility of the post-column reaction detection

system was demonstrated experimentally, it was studied thoroughly to
optimize its performance and to l e a m the nature of potential inter
ferences.

When coupled to compatible chromatographic separation

modes, the detection system was shown to possess good selectivity and
sensitivity.

The methods developed in this research project were

shown to have interesting applications in the determination of OP
compounds in real-life samples.
The method developed for the determination of diallqriphosphates
in urine exhibited rapid and simple sample preparation, high recov
eries, and good sensitivity.

Although the sensitivity of the tech

nique is considerably less than that obtainable with GC/FPD
methods

92* 93

, the simplified sangle preparation and the potential for

improvements in detection limits recommend it as a supplemental
method deserving of further study.
The determination of dimethoate in tomatoes was highlighted by
sizzle sample preparation, reasonably good recovery, and good sensi
tivity.

The method developed in this investigation has strong poten

tial for general use in the determination of water-soluble OP pesti
cides.

The more polar OP pesticides are currently determined by GC

techniques only after lengthy extraction and clean-up procedures

33

.

The methodology developed in this study circumvents these difficulties
by handling the sample in aqueous media throughout the sample
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preparation procedure.

It may be possible to determine less polar

OP pesticides, such as ethion, by the use of micellular media to
maintain solubility and to effect elution from the column.
Other applications of the method can be envisioned, such as in
water analysis and the monitoring of the degradation of OP compounds
such as pesticides, lubricant additives, flame retardants, and metal
extractants.

In a broader sense, the method may be applicable to the

determination of compounds containing heteroatoms other than phos
phorus by substituting the appropriate chromogenic (or fluorometric,
etc.) reaction system.

One such possibility is the determination of

organoarsenic compounds, since arsenate also forms a heteropolymolybdate^.

The main factor which limits the applicability of the method

is the requirement that organic solvents not be present.
Further work on the post-column" reaction detection system for OP
conçotmds could focus on the reduction of band-broadening. New
reactor designs have appeared recently which claim to reduce bandbroadening in comparison to the conventional coiled-tube design
enqjloyed in this work.
recently been made

95

In addition, theoretical calculations have

which predict that segmentation can be used

advantageously to reduce band-broadening even with relatively short
residence times of the magnitude employed in this work.
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